Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening, virus-triggered immune disease. Hypersensitivity to mosquito bite (HMB), a presentation of Chronic Active Epstein-Barr Virus infection (CAEBV), may progress to HLH. This study aimed to investigate the immunologic difference between the HMB episodes and the HLH episodes associated with EBV infection. Immunologic changes of immunoglobulins, lymphocyte subsets, cytotoxicity, intracellular perforin and granzyme expressions, EBV virus load and known candidate genes for hereditary HLH were evaluated and compared. In 12 HLH episodes (12 patients) and 14 HMB episodes (4 patients), there were both decreased percentages of CD4+ and CD8+ and increased memory CD4+ and activated (CD2+HLADR+) lymphocytes. In contrast to HMB episodes that had higher IgE levels and EBV virus load predominantly in NK cells, those HLH episodes with virus load predominantly in CD3+ lymphocyte had decreased perforin expression and cytotoxicity that were recovered in the convalescence period. However, there was neither significant difference of total virus load in these episodes nor candidate genetic mutations responsible for hereditary HLH. In conclusion, decreased perforin expression in the HLH episodes with predominant-CD3+ EBV virus load is distinct from those HMB episodes with predominant-NK EBV virus load. Whether the presence of non-elevated memory CD4+ cells or activated lymphocytes (CD2+HLADR+) increases the mortality rate in the HLH episodes remains to be further warranted through larger-scale studies. 
Introduction
The Epstein-Barr virus (EBV) infects B cells through surface CD21 in healthy individuals who are often asymptomatic or may present as infectious mononucleosis (IM) [1] . The outgrowth of EBV-infected B cells is controlled by T help cells secreting interferon (IFN)-c and NK-mediated cytoxicity, and later destroyed by EBV-specific cytotoxic T lymphocytes [2, 3] . Patients with chronic active EBV (CAEBV) infection may have IM-like chronic symptoms such as fever and lymphadenopathy, and serologic evidence of persistent EBV infection [4] [5] [6] [7] [8] [9] . Moreover, CAEBV can be exacerbated into fulminant (catastrophic) hemophagocytic lymphohistiocytosis (HLH) [10] [11] [12] [13] [14] and present with cytopenia, coagulopathy, central nervous system symptoms, and lipid changes, aside from IM-like features [15] . Known candidate mutations of SH2D1A/SAP, PRF1, UNC13D, STX11, STXBP2, XIAP, and ITK can inhibit the exocytotic process of polarization, docking, priming, and fusion in cytotoxic T/natural killer (NK) cells, subsequently lead to defective cytotoxicity and overwhelming HLH in some rare hereditary and sporadic cases [16] [17] [18] [19] [20] .
Hypersensitivity to mosquito bite (HMB) is a unique feature characterized by bulla formation with intense erythema on mosquito-bitten sites, escar healing and systemic manifestations like fever, lymphadenopathy, and splenomegaly [21, 22] . Around 70% of CAEBV patients present as the HMB episode (HMB-CAEBV) and have the potential of developing fulminant HLH [23] .
To understand the possible mechanisms of HMB transformation into fulminant HLH, we evaluated and compared immunologic Table 1 . Laboratory hematology, treatment, and prognosis of patients with hemophagocytic lymphohistiocytosis (HLH)* and hypersensitivity to mosquito bite (HMB) episodes related to EBV infection. 
Results

Patients' Characteristics
During the 20-year period of 1993-2012, fourteen HMB episodes in 4 CAEBV patients (one female) and twelve HLH episodes in 12 patients (five females) associated with EBV infection (EBV-HLH) were studied in Table 1 . The HMB episode could be a characteristic feature of CAEBV along with fever, lymphadenopathy or/and hepatosplenomagaly. At mosquito-bitten sites (Fig. 1) , clear or/and hemorrhagic bulla with intense erythematous swelling typically occurred. They progressed into necrosis or ulcers, and healed with residual scarring as escar.
In contrast to HMB-CAEBV episodes (the range of onset-age, 4 months-21 years; median, 12 years 3 months), acute EBV-HLH episodes (range, 1-11 years; median, 3 years 4 months) had cytopenia (Hb ,9.0 mg/dl and thrombocytopenia ,100,000/ mm 3 in all; neutropenia ,1,000/mm 3 in 5 patients), coagulopathy (abnormal PT, aPTT, D-dimmer, or fibrogen in 7 patinets), and atypical lymphocytes (over 10% in 3 patients). Both groups often had splenomegaly, lymphadenopathy, and varying degrees of elevated aspartate aminotransferase (AST) and/or alanine aminotransferase (ALT) levels.
The main treatment regimens in patients with HLH episodes based on the HLH 2004 guidelines [15] included IVIG, steroids (prednisolone or dexamethasone), etoposide, and cyclosporine A. Six (50%) of 12 acute EBV-HLH patients who did not receive etoposide (VP16) and cyclosporine A treatment were mortalities. In four HMB-CAEBV patients who did not develop HLH episode to date, NSAID or steroids were given for febrile episodes.
Serology studies for EBV in 26 episodes from 16 patients showed that 11 HLH patients (ES1-ES6 except ES4 and EM1-EM6) had primary EBV infection with positive anti-VCA-IgM or/ and positive anti-EBEA ($160) ( Table 2 ). One episode of HLH (patient ES4) and 14 HMB episodes (4 patients H1-H4) had mainly positive anti-VCA IgG and/or negative VCA IgM, suggestive of EBV reactivation. The EBV viral load detected by copy numbers in all episodes was $10 2.5 copies/ug, compatible with EBV activation [24] . In contrast to the HMB episodes with EBV copy number predominantly in NK cells, the HLH episodes had EBV virus load predominantly in lymphocytes (CD3+). Nonetheless, there was no significant difference in virus load of total lymphocytes among the HLH (survivors and fatal victims) and HMB episodes.
Immunoglobulin and Lymphocyte Sub-population
In eight HLH episodes (8 patients) and 14 HMB episodes (4 patients), the basic immune function of immunoglobulins, lymphocyte sub-populations, memory cells, and activated lymphocytes revealed immune heterogeneity in each group. Based on the normal reference [25] , relatively higher IgG, and/or IgA were present in two fatal HLH cases (patients EM3 and EM6), but not in HMB cases. The Trend of decreased percentages of total CD4+ but increased memory CD4+ and activated lymphocyte (CD2+HLADR+) was noted among survivors of the HLH and the HMB groups (Table 3) . 
Cytotoxicity to K562 Cell Lines and the Expression of Perforin and Granzyme
Lymphocyte/NK cell cytotoxicity to K562 cells was evaluated in 8 HLH episodes (8 patients) and 14 HMB episodes (4 patients) during the febrile stage (Table 4) . In contrast to those with HMB episodes, the eight HLH patients, of course, met more than five out of eight diagnostic criteria including decreased cytotoxicity, which returned to a normal range during the convalescent stage among survivors.
Intracellular perforin rather than granzyme expression significantly diminished below the normal ranges in NK cells (TCRab-CD56+ or CD16+56+) in the HLH episodes, but not in the HMB episodes ( Table 4 ). The NKT (TCRab+CD56+) cells had similar results (data not shown). In the convalescent period, there were relatively lower perforin expressions in the four survivors of HLH despite being within the normal range. The HMB group had no such differences in cytotoxicity and in the expressions of perforin and granzyme.
Analysis of Candidate Genes
All patients received genetic analysis for the PFR1, Mun13-4, STX11, STXBP2 and ITK genes. Eleven male patients had further SH2D1A/SAP and XIAP sequencing but no mutation was identified.
Discussion
Without reaching the HLH diagnostic criteria, patients with the HMB episodes could have better prognosis than those with HLH episodes. Based on an updated international meeting for EBVassociated lympho-proliferative diseases (LPD) and the recent Kimura et al. study of 108 cases [24, 26] , EBV-associated LPD are defined to be overlapping umbrella syndromes and encompass five subgroups including CAEBV of T/NK-cell type (or systemic EBV plus T-cell LPD of childhood), HLH, severe mosquito bite allergy (or hypersensitivity to mosquito bite, HMB), hydroa vacciniforme (HV), and HV-like lymphoma [26] . Using these concepts to the patients here, four HMB patients initially presented as ''severe mosquito bite allergy'' without splenomegaly nor lymphadenopathy in the enrolled time, but gradually developed as CAEBV NK cell type with splenomegaly or/and lymphadenopathy after several HMB episodes. As noted in previous reports [26] [27] [28] [29] [30] , patients with HMB have the potential to progress to HLH, and even lymphoma. To recognize the herald feature at an earlier stage by comparing HMB and HLH episodes, the HLH episodes with CD3-predominant virus load had lower perforin expression and thus related to impaired cytotoxicity that partially contributed to the development of HLH. In contrast, these HMB episodes with NK-predominant EBV virus load and higher IgE level had normal perforin expressions and did not reach a threshold to impair cytotoxicity. In HMB-CAEBV patients, higher IL-13 level, a Th2-type cytokine, were detected and could induce the differentiation of B cells and enhance a class switch to IgE [23] . Whether the majority of EBV virus shifted from NK cells in the HBM status to T-lymphocytes after several HBM episodes and cytokine alternation, reached the threshold to weaken cytotoxicity and therefore cause HLH episode remains to be determined by additional study.
The possibility of ''shift'' hypothesis was observed in a 35-yearold female patient who experienced at least eight HBM episodes since her first attack at the age of 21. Unfortunately, she succumbed to HLH acceleration in 1990 (beyond the study period of 1992-2012) [31] . Her EBV virus load evaluated by copy numbers from frozen PBMC revealed almost an equal amount in NK cells (10 3.4 ) and in T lymphocytes (10 3.1 ) during the HBM episodes, but eventually became more in T lymphocytes (10 4.2 ) than NK cells (10 3.6 ) in the HLH status after several HMB episodes [21, 32] . Thus in Japan, CAEBV patients with the HBM episodes are encouraged to receive hematopoietic stem cell transplantation as early as possible if suitable donors are available [24, 33] , to prevent the process of HLH development and the oncogenic transformation of lymphoma [26] [27] [28] [29] [30] .
Genetic defects of PFR1, Mun13-4, STX11, STXBP2, ITK (autosomal recessive), SH2D1A/SAP, and XIAP (X-linked) are responsible for hereditary HLH, with increased susceptibility to recurrent, and/or fatal EBV infection [15] [16] [17] [18] [19] [20] . However, all are wild type in the study patients because of the conservative culture that discourage consanguineous marriage in our regions. Such findings are consistent with a recent genetic study from a cohort of 67 children of Chinese descent who had HLH and wild type candidate genes [34] . However, parallel to restored cytotoxicity after effective chemotherapy, perforin expression recovered but was maintained at the relatively lower border of the normal range. Single nucleotide polymorphism (SNP) of A91V and N252S in the PFR1 gene was found to decrease perforin expression and function that cause atypical HLH [35, 36] , but not identified of such SNP in our patients. This reflects that patients with borderline perforin expression may have decreased the perforin-granzyme B pathway to some extent, leading to insufficient apoptosis and subsequently developing HLH. EBV latent membrane protein 1 (LMP1) has been demonstrated to diminish SH2D1A expression and stronger inflammation [37] . Whether the similar inhibitory effect of EBV infection-associated factors (LMP1 or other antigens derived from EBV) on the perforin expression is worth being investigated further. Notably in our patients, fatal HLH patients did not have elevated memory CD4+ cells and activated CD2+HLADR+ lymphocytes. Correlative to the differentiation and development of memory CD4+ cells and activated lymphocytes, T-cell receptor (TCR) in naïve T cells recognized MHC class II (HLA-DR) on EBV-antigen-presenting cells (APC) and triggered signaling one pathway and subsequently programmed as T effector cells after additional stimulation from signal two or more accessory pathways [38, 39] . Some subgroup of T effector cells that expressed activation molecules such as HLADR+, CD40L, ICOS, or CD69 and belonged to one pattern of the activated lymphocytes were able to continuously mature into memory T cells for robust augmentation to fight EBV infection and overcome cytokinesrelated catastrophic response in persistent and un-eradicated pathogen reactivation [38, 40] . Thus, elevated activated lymphocytes and memory CD4+ cells recruit more effective response to suppress EBV activation and break down the process of overwhelming HLH. In dynamics of the whole CD4+ cell pool, the amount of CD4+ effector cells going apoptosis after activation was more than those turning to memory CD4+ cells and supplemental naïve CD4+ cells. Consequently, the percentage of overall CD4+ cells trended to decrease but memory CD4+ to increase in survivors (in Table 3 ). However, lack of increased percentages of activated lymphocytes and memory CD4+ cells during the episode status in those fatal HLH patients implied that impending exhaustion of the whole T cell pool, challenged by EBV repeated activation, could be a warning sign of hematopoietic bone marrow failure, contributing to worse prognosis. The attenuated perforin expression and predominant-CD3 lymphocyte EBV virus load are distinct in HLH episodes from the HMB episodes. And, the absence of elevated memory CD4+ cell or activated CD2+HALDR+ lymphocytes increase mortality in HLH episodes. Such immunologic alternation rather than genetic defects highlight the possible evolution mechanism of EBVassociated HMB episodes progressing into HLH episodes in the rare cases and warrants further verification through larger-scale studies.
Materials and Methods
Patients
Patients with an HMB episode had high fever, intense local erythematous responses to mosquito bites, lymphadenopathy, and splenomegaly [21, 22] . Those with fulminant HLH episode met the updated diagnostic criteria of the HLH Study Group of the Histiocyte Society [15] and all had hemophagocytosis in bone marrow aspirates. For evidence of EBV infection, EBV RT-PCR detection and viral load detected by copy numbers were determined as previously reported [41] . Serologic antibodies, including anti-viral capsid antigen IgG (EBV-VCA IgG), anti-early antigen IgG (EBEA IgG), anti-viral capsid antigen IgM (EBV-VCA IgM), and anti-nuclear antigen (EBNA) were evaluated using immuno-fluorescent ELISA.
The clinical features, treatment, prognosis, and immunologic function, including immunoglobulin levels and lymphocyte subsets of T-, B-, NK-, activated lymphocytes, and memory cells, were evaluated and compared in patients with HMB and HLH episodes after Chang Gung Human Investigation Committee approved this study and documented the humanity process. The patients' parents or guardians provided written and verbal informed consent. Cytotoxicity to K562 Leukemia Cell Lines by Single-cell Level
Heparinized venous blood samples (10-15 ml) from enrolled patients and healthy controls were delivered to the laboratory within 72 hours. Peripheral blood mononuclear cells (PBMC) as effector cells were isolated from heparinized venous blood by Ficoll-Hypaque (Pharmacia Biotech, Piscataway, NJ). Effector (E) and K562 target (T) leukemia cells were added in 10 mm610 mm wells to yield E:T ratios of 25:1 and 12.5:1 as indicated if there were enough cells. Control wells, including isolated target or effector cells, were assayed to determine spontaneous cell death. The cells were mixed by gentle tapping, and then centrifuged at 2006g for 1 min and incubated at 37uC in 5% CO2 over night (around 16 hours). Mouse anti-human CD45 monoclonal antibody (ml) directly conjugated with FITC (Pharmingen, San Jose, CA) were added to each tube, mixed gently, and incubated for 20 min on ice. Twenty ml of PI (Sigma, St Louis, MA) at 1 ug/ ml were added to each tube before acquisition. Cytotoxicity to K562 cell lines was measured as the percentage of PI-stained K562 cells by flow cytometry, as previously described [42, 43] .
Perforin and Granzyme Expression by Flow Cytometry
Fresh PBMC (5610 5 ) were incubated for 30 min at 4uC in 50 ml of staining buffer (PharMingen) supplemented with 10% pooled human serum and 2 ml per CP-conjugated anti-TCRab, fluorescein isothiocyanate (FITC)-conjugated anti-CD16, and/or anti-CD56 monoclonal antibody (all from Pharmingen). The cells were then washed, pelleted, and permeabilized in Cytofix/Cytoperm solution (PharMingen) for 20 min at 4uC. The fixed or permeabilized cells were then incubated in 50 ml staining buffer with 2 ml phycoerythrin (PE)-conjugated anti-perforin and antigranzyme mAb (PharMingen) for 30 min at 4uC. Data from threecolor flow cytometry were calculated and analyzed using the cellquest software (Becton Dickinson).
Sequence Analysis of SH2D1A/SAP, PFR1, Mun13-4, STX11, STXBP2, XIAP and ITK Genes Total RNA was isolated from PBMC with TRIzol (GIB-COBRL, Gaithersburg, MA) as previously described [44] . Briefly, 2 ug of RNA in a total volume of 20 uL was reverse-transcribed into cDNA using oligo-dT primer and superscript RNaseHreverse transcription (GIBCO-BRL). Two oligonucleotide primers designed from the Gene Bank were selected for each gene to cover the entire coding region of these genes, as previously described [16] [17] [18] [19] [20] 43, 44] . If a specific mutation was identified, the corresponding genomic exons/intron regions were amplified and reconfirmed.
